RNA duplex stability depends strongly on ionic conditions, and inside cells RNAs are exposed to both monovalent and multivalent ions. Despite recent advances, we do not have general methods to quantitatively account for the effects of monovalent and multivalent ions on RNA stability, and the thermodynamic parameters for secondary structure prediction have only been derived
Introduction
RNA hairpins are elementary structures found in many macromolecular assemblies. It is generally accepted that a deeper understanding of their dynamics is a critical step towards the elucidation of many biological processes, like the regulation of gene expression [1, 2, 3, 4, 5] ; the catalytic activity in many reactions [6, 7] ; the ligand-binding specificity [8] ; or the RNA folding problem [9, 10] . DNA and RNA hairpins are also appealing model systems for their simplicity as they are amenable to exhaustive studies using a more physically-oriented approach, where theoretical models can be rigorously tested using simulations and experiments [11, 12] .
Many different and complementary biophysical methods have been used to study these structures. For example, using time-resolved nuclear magnetic resonance (NMR) spectroscopy and thermal denaturation experiments, kinetics and thermodynamics of bistable RNA molecules were studied [13, 14, 15, 16, 17, 18, 19, 20, 21, 22] . Recently, a photolabile caged RNA was designed to stabilize one ground-state conformation and study the folding kinetics by NMR and CD spectroscopy under different conditions, including Mg 2+ [23] . Laser temperature-jump experiments have also been used to characterize the folding kinetics of small RNA hairpins at the ns and µs timescales [24, 25, 26, 27, 28, 29] . Using coarse-grained Go-like models, it was predicted that hairpins unfold in an all-or-none process in mechanical experiments [30] , in agreement with experimental results [31, 32, 33] .
Within the cell, many dynamical processes involving transient melting events of DNA and RNA double strands are driven by the application of localized forces by molecular motors. Therefore, single-molecule experiments are ideal to understand the thermodynamics and kinetics of macromolecules inside cells [34, 35] . As pointed out by Hyeon et al. [30] , force-denaturation using single-molecule experiments are intrinsically different from thermally-induced denaturation:
in bulk experiments where the unfolded state is accessed by raising the temperature or lowering the concentration of ions, the unfolded state is a high-entropy state while in mechanical pulling experiments the unfolding process is a transition from a low-entropy state to another low-entropy state. Regions of the free energy landscape normally inaccessible by conventional methods are probed using mechanical experiments. Consequently, pathways and rates of thermally-induced and mechanical unfolding processes are expected to be different.
In a previous work [36] we pulled an RNA hairpin using optical tweezers [37, 38] to study the base-pairing thermodynamics, kinetics and mechanical properties at a fixed monovalent condition. A kinetic analysis was introduced to determine the location of the force-dependent kinetic barrier, the attempt rate, and the free energy of formation of the molecule. Here we performed a systematic study by mechanically pulling the same RNA hairpin at different monovalent cation concentrations and also at mixed ionic conditions containing different concentrations of Mg
2+
cations. This is important because RNAs are highly charged polyanions whose stability strongly depends on solvent ionic conditions [39, 40, 41, 42, 43] . Despite its biological significance, we have limited information about RNA helix stability in mixed monovalent/multivalent ionic conditions [44, 45] . In fact, the thermodynamic parameters for secondary structural elements of RNAs have only been derived at the fixed standard salt condition of 1M [Na + ] [15, 16, 17, 18, 19, 20, 21 ].
Here we derived numbers such as the persistence length describing the elastic response of ssRNA and also the free energy of formation of an RNA hairpin at different monovalent and mixed monovalent/Mg 2+ conditions. Our results are compatible with predictions obtained using the Tightly Bound Ion (TBI) model for mixed ion solutions, that treats monovalent ions as ionic background and multivalent ions as responsible from ion-ion correlation effects, and which takes into account only non-sequence-specific electrostatic effects of ions on RNA [43, 44, 45] . Our findings demonstrate the validity of the approximate rule by which the non-specific binding affinity of divalent cations is equal to that of monovalent cations taken around 100 fold concentration for small molecular constructs [46, 47] .
Materials and Methods

Molecular Synthesis
The RNA molecule was prepared as previously described [48] . 
Measurement Protocol
All experiments were performed using a dual-beam force measuring optical trap [37, 38] at 25±1 o C in buffers containing 100 mM Tris.HCl (pH 8.1), 1mM EDTA, and NaCl concentrations of 0, 100, 500, and 1000 mM, or in buffers containing 100 mM Tris.HCl (pH 8. . Anti-digoxigenin polyclonal antibody-coated polystyrene microspheres (AD beads) of 3.0-3.4 µm (Spherotech, Libertyville, IL) were incubated at room temperature with the molecular construct for 20 min. The second attachment was achieved inside the microfluidics chamber using a single optically trapped AD bead previously incubated with the RNA hairpin and a streptavidin-coated polystyrene microsphere (SA bead) of 2.0-2.9
µm (G. Kisker GbR, Products for Biotechnologie) positioned at the tip of a micropipette by suction ( Fig. 1A and 1B ).
Tethered molecules were repeatedly pulled at two constant loading rates of 1.8 pN/s or 12.5 pN/s by moving up and down the optical trap along the vertical axis between fixed force limits and the resulting force-distance curves (FDCs) were recorded ( Fig. 2A) . A pulling cycle consists of an unfolding process and a folding process. In the unfolding process, the tethered molecule is stretched from the minimum value of force, typically in the range of 5-10 pN, where it is always at its native folded state, up to the maximum value of force, typically in the range of 25-30 pN, where the molecule is always unfolded. In the folding process the molecule is released from the higher force limit (unfolded state) up to the lower force limit (native folded state) [52] .
A minimum of two molecules (different bead pairs) were tested at each ionic condition, and a minimum of 100 cycles were recorded in each case (detailed statistics are given in the Supporting Material, section S1)
Hairpin Model
Under applied force it is feasible to reduce the configurational space of an RNA hairpin containing N base pairs (bps) to a minimum set of N + 1 partially unzipped RNA structures [36, 53, 54] .
Each configuration in this set contains n adjacent opened bps in the beginning of the fork followed by N − n closed bps, with 0 ≤ n ≤ N . The folded state (F) is defined as the configuration in which n = 0 (all bps are formed), and the unfolded state (U) is the hairpin configuration in which n = N (all bps are dissociated). Based on a simple calculation (see Supporting Material, section S2) we conclude that fraying [55] plays a rather minor role (if any) on the folding/unfolding kinetics of the sequence under study (Fig. 1A ) and we do not include it in our analysis. The stability of each configuration n with respect to the F conformation is given by ∆G n (f ), the free energy difference at a given force f between the duplex containing N − n closed bps and the completely closed configuration (F state),
In eq. 1 ∆G n (0) is the free energy difference at zero force between a hairpin in the partially unzipped configuration n and a hairpin in the completely closed configuration; ∆G ssRN A n (f ) is equal to the reversible work needed to stretch the ssRNA strands of the hairpin in configuration n (2n opened bases) from a random coiled state to a force-dependent end-to-end distance x n (f );
and ∆G d0 n (f ) is the contribution related to hairpin stem orientation [56, 57] . An estimation of ∆G n (0) at 1M [Mon + ] can be obtained by using the nearest-neighbor (NN) energy parameters widely employed to predict the stability of RNA secondary structures [15, 19] . It is given by the sum of the stacking contributions of the duplex region, containing N − n bps. The elastic term
The molecular extension of ssRNA, x ssRN A n (f ), can be estimated using polymer theory (see section 2.4). Finally, the last term in eq. 1, ∆G d0 n (f ), is equal to the free energy of orientation of a monomer of length d 0 along the force axis [57] :
where f is the applied force, k B is the Boltzmann constant, T is the bath temperature, and d 0 is the diameter of a double stranded chain, taken equal to 2 nm.
Elastic models of ssRNA
To model the elastic response of ssRNA we employed both the interpolation formula for the inextensible Worm Like Chain (WLC) model and the Freely Jointed Chain (FJC) model, which
give the equilibrium end-to-end distance x of a polymer of contour length l n stretched at a given force f . These models have been mainly tested for long polymers. However, several studies indicate that they are generally applicable when the contour length is larger than the persistence length. The inextensible WLC is given by:
where k B is the Boltzmann constant, T is the bath temperature and P is the persistence length [58, 59] . The FJC model is given by
where b is the Kuhn length.
There are other models, such as the Thick Chain, that are more general than the WLC or the FJC and that have been used to fit the elastic response of biopolymers. Despite of their greater complexity, we do not expect a qualitative improvement of our results by using them.
Kinetic Analysis
We applied Kramers rate theory [60] to study the kinetics of the transition between states F and U. The framework for understanding the effect of an external force on rupture rates was first introduced in [61] and extended to the case where the loading force increases with time [62, 63] . The assumption that the transition state does not move under an applied force f can be relieved by considering that the effective barrier that must be crossed by a Brownian particle is force-dependent, B eff (f ). The unfolding and folding rates can be obtained as the first passage rates over the effective barrier,
In eq. 6, F was selected as the reference state and ∆G N (f ) has been defined in eq. 1. k 0 is the attempt rate for activated kinetics. The effective barrier B eff (f ) can be obtained analytically from Kramers rate theory (KT) [64, 65] (detailed derivation provided in the Supporting Material, section S3) as
with
. Importantly, the location of the barrier along the reaction coordinate can be obtained from the first derivatives of B eff (f ) with respect to force,
where x F eff (f ) and x U eff (f ) are the distances from the effective barrier to the F and U states, respectively. The force-dependent fragility parameter µ(f ) [36] , From the measured transition rates (see section 2.6) we can get estimators for the effective barrier B (U/F ) eff (f ) for unfolding and folding using the expressions in eq. 6:
By comparing the experimental estimators of the kinetic barrier B (U/F ) eff (f ) with the effective barrier B
KT eff (f ) as predicted by Kramers rate theory (eq. 7) we can extract the free energy of formation of the hairpin ∆G N (0), the attempt rate k 0 and the parameters that characterize the elastic response of the ssRNA [36] . While k 0 always can be determined by doing this comparison, there is a trade-off between the contributions of the elastic response of the ssRNA and the free energy of formation of the hairpin. Although this is not strictly true (the stretching contribution term is force dependent whereas the free energy of formation term is not) it holds to a very good degree. Therefore, if only the free energy of formation of the hairpin is known a priori, then we can extract the elastic properties of the ssRNA by matching eqs. 10a and 10b with eq. 7. On the contrary, if we only know the elastic properties of the ssRNA, then we can extract the free energy of formation of the hairpin (see Supporting Material, section S4).
Data Analysis
The molecular transitions during unfolding and folding can be identified as force rips in a forcedistance curve (FDC) [56] . In order to extract the unfolding and folding rates (eq. 6a and 6b) from experiments we have collected the first rupture forces associated with the unfolding and folding parts of each pulling cycle ( Fig. 2A and 2B) . By plotting the number of trajectories in which the molecule remained at the initial configuration (F state during the stretching part and U state in the releasing part of the cycle) as a function of force N (f i ), divided by the total number of trajectories N 0 , we obtained experimental estimators for survival probabilities P U/F (f i ) = N (f i )/N 0 of the U and F states. Moreover, we obtained an experimental estimator for the probability densities ρ U/F (f ) of unfolding and folding first rupture forces by doing normalized histograms of both datasets (ρ U/F (f ) = ∆N/(∆f × N 0 ), where ∆N is the number of events in the range between f and f + ∆f ). The survival probabilities are related to ρ U (F ) (f ) by the following equations,
If we assume a two-state transition, the time-evolution of the survival probabilities is described by the following master equations [66] :
With this assumption and the experimental estimators for survival probabilities and densities, it is possible to extract the transition rates k U (F ) (f ) from rupture force measurements using
, with r the pulling speed [36, 56, 66] .
Salt corrections
It is interesting to experimentally measure the effect of salt on the free energy of formation of nucleic acid hairpins. However, UV absorbance experiments cannot be carried out for this particular sequence because its melting temperature is too high to obtain reliable results (see Supporting Material, section S5). Therefore, as mentioned in section 2. we assume a sequence-independent correction g 1 ([Mon + ]) for the free energy of formation of one base pair. As the free energy is measured relative to the F state we get for the free energy correction of a hairpin with n unzipped bps:
where ∆G 1M n (0) corresponds to the free energy of formation of the n th configuration at 1000 
In what follows, unless stated otherwise, all monovalent and divalent salt concentrations 
Experiments at different monovalent cation concentrations
We performed pulling experiments at four different NaCl concentrations (see Materials and Methods, section 2.2). We find that the RNA duplex stability increases at higher [Mon + ] concentrations. For instance, rupture force distributions are displaced to higher forces ( forces. In Fig. 3C we see that the unfolding (folding) kinetic rates decrease (increase) with the salt concentration, which again shows the stabilizing effect of salt on the RNA hairpin.
Experiments at 1M NaCl
From the current set of NN energy parameters for RNA secondary structures obtained at 1000 mM NaCl concentration we can predict the free energy of formation ∆G N (0) for the RNA hairpin at this particular condition using the mfold server [18, 21, 67, 68] . We get ∆G 
Selection of elastic parameters: experiments with monovalent salts
In order to know ∆G N (0) at monovalent ionic conditions different from 1050 mM we need to know the effect of salt on the elastic contribution of ssRNA strands. The elastic behavior of single-stranded RNA (poly-U) has been studied in single-molecule stretching and fluorescence experiments carried out at various [Na + ] concentrations [69, 70, 71] . Despite the extremely different contour length of the molecules under consideration (we are dealing with 44 bases-long chain in contrast to a polynucleotide of 1500-4000 bases in [70] ), we take the values for the persistence length P proposed in previous stretching experiments and add our value obtained at 1050 mM. We assume that the elastic properties of ssRNA strands are independent of sequence, which can lead to a small error in the values obtained for the elastic properties of ssRNA strands in the case of sequence-dependent behavior. In fact, a sequence-dependent elastic behavior for ssDNA strands was previously considered as a possible explanation for the specific salt corrections found for the NN energy values obtained from unzipping experiments [37] . In the inset of Fig.   5 we plot the persistence lengths versus the monovalent salt concentration. To fit the data, we employ the following dependence of P on the Debye screening length λ
No unique scaling law can be derived, as the value of ν can be 1, 2 or <1, depending on the polymer properties [72] . We can fit all data using ν = 1 but also letting ν be a free parameter, which results in a value of ν = 0.6 ± 0.06. We then interpolate both fits, in order to infer the values of P in our experimental conditions of [Mon + ] concentration (50, 150, 550 and 1050 mM), as shown in Table 1 .
Monovalent salt correction to the free energies of formation of the RNA hairpin
Having obtained the elastic parameters that allow us to appropriately describe the elastic response of ssRNA strands at different [Mon + ] concentrations, we still need to characterize the effect of salt on the energies of formation of the RNA hairpin at each intermediate configuration n. It is generally assumed a sequence-independent correction to the free energies of formation of nucleic acids duplexes [73, 74, 75] . However, we have previously shown that a sequence-dependent salt correction to the NN energy parameters of DNA improves the free energy prediction of both unzipping and melting experiments [37] . Related to this, it has been found that cation concentration affects RNA stability in a sequence-dependent manner [76] . In the absence of RNA sequence-specific parameters available, we adopted a sequence-independent salt correction (eq. with the sequence-independent salt correction reported for DNA duplex oligomers in melting experiments, m = 0.110 ± 0.033 kcal/mol [73, 77] , and in unzipping experiments of polymeric DNA, m = 0.104 ± 0.010 kcal/mol [37] . Fig. 3D summarizes all the results. At a given force we see that the height of the kinetic barrier increases with salt concentration, which again indicates that salt increases kinetically the stability of the RNA structure.
In Fig. 5 we show the dependence of the measured ∆G N (0) of the RNA hairpin on the monovalent ion concentration. As expected from earlier observations on DNA [39, 78, 79] and from the application of counterion condensation theory to interpret polyelectrolyte effects on equilibrium involving highly charged, locally rod-like polyelectrolytes [40, 80, 81, 82] , we observe an approximately linear dependence of RNA duplex stability on the logarithm of monovalent salt concentration. Interestingly, our data can also be well-described by the empirical expressions derived in [43, 44, 45] , where the TBI model is used to predict the hairpin free energies at different ionic conditions (see Supporting Material, section S7).
By deriving the effective barrier as a function of force we can measure the distance of the TS to the F and U states, x on salt concentration the TS moves to the stem region n = 6 ± 1 (Fig. 6A, gray curves) . At large forces the TS has disappeared. These results are in agreement with previous findings using the same hairpin sequence [36] . Moreover, we see that at higher monovalent salt concentrations the locations of the different TS mediating unfolding and refolding are the same (n 18, 6 or 0 for conditions, respectively. As in the case of pure monovalent ion conditions, the standard deviation of rupture forces remains almost constant and we also observed a linear dependence of log k U (f ) and log k F (f ) on the applied force for the different [Mg 2+ ] tested (Fig. 7C) .
In order to obtain the free energy of formation ∆G N (0) of the RNA hairpin at different magnesium concentrations, we employed the empirical expression derived in [44, 45] by applying the TBI model to predict the RNA helix stability in mixed monovalent/Mg 2+ ionic conditions (see Fig. 9 , inset). Using this mixed salt correction, it is possible to obtain the sequence-independent correction of one base pair g 2 ([Mg 2+ ]) at any mixed salt condition using eq. 14:
From this expression, we can extract the value of ∆G (Fig. 10A ), in agreement with the Hammond's postulate [83] . The force-dependence of the position of the TS with respect to the F state x F eff (f ) and the hairpin fragility µ(f ) are similar in both monovalent and mixed ionic conditions (Figs. 6A, B and 10A, B) . At low forces the TS is located near the loop, whereas at intermediate forces it is located in the stem region n = 6 ± 1 (Fig. 10A, B) .
Discussion
The effect of monovalent ion concentration on DNA stability has been extensively studied and there is a variety of empirical salt corrections available in the literature [84, 85] . There is no general agreement about the accuracy and limitations of use of salt corrections in terms of sequence length and range of salt concentrations [84] . Recently, we have reported 10 NN salt correction parameters for prediction of DNA duplex stability derived from single-molecule experiments [37] .
However, there is no equivalent study on RNA duplexes and the experimental data available for the salt effects on RNA duplex stability are limited to short sequences that display a two-state behavior [76] . Different polyelectrolyte theories try to characterize the interaction between counterions and nucleic acids to study ionic effects to the molecular stability. The most accepted are mean field theories such as the Poison-Boltzmann and the counterion condensation theories When a hairpin is melted mechanically the U state is subjected to a tension. In standard optical melting and calorimetric experiments, the U state is under zero force. Therefore, to appropriately compare both phenomena, it is necessary to discount the energy required to stretch the single stranded unfolded state in mechanical experiments. However, we have limited information about the elastic properties of single stranded RNA as compared to DNA. Despite the chemical similarity between both polymers, the RNA-specific 2'-OH group favors a conformationally restricted C3 − endo structure [88] . Moreover, in previous single-molecule studies [69, 71] , the elastic response of a single-stranded poly-U RNA was better described by a WLC model rather than by a FJC model. Based on these considerations, we decided to use the numbers derived from single-molecule stretching experiments for the elastic behavior of ssRNA molecules (as explained in section 3.2) to appropriately account for the energetic contribution of stretching the ssRNA strands during mechanical unfolding.
By applying the Kramers rate theory and correctly accounting for the elastic contribution of ssRNA stretching we were able to obtain the free energy of formation of the RNA hairpin from pulling experiments done in non-equilibrium conditions. This allowed us to obtain a large number of trajectories at different ionic conditions in a feasible timescale. In this way, we obtained the effective barrier of the unfolding reaction as a function of force for different ionic conditions. (Fig. 11B ). It can be interpreted as the screening effect of the counterions present in solution: the longer the screening length, the stiffer the molecule. This equivalence found between the non-specific binding of monovalent and divalent salts with nucleic acids might be useful to develop new biochemical assays in situations where divalent ion-specific interactions could be detrimental [93] .
As a further step, it would be very interesting to extend this study by mechanically unfolding an RNA hairpin containing a Mg 2+ -specific binding site using our experimental setup.
Eventually, the energetic contributions of different specific binding sites could be dissected and incorporated into current models of RNA structure prediction.
Supporting material
Supporting material is available at NAR Online. . 8 Tables . ssRNA persistence length P , log k 0 , and free energy of formation (∆G N (0)) for the RNA hairpin at different monovalent ion concentrations.
Funding
[ 10 Study of fraying
The phenomenon of "fraying" at the ends of DNA and RNA duplexes can potentially interfere with both solution and single-molecule measurements of DNA and RNA stabilities, and it was previously suggested that its effects should be introduced in data analysis [55] . In order to check if fraying has an important role in our sequence, we computed the released (absorbed) molecular extension ∆x m in the unfolding (folding) process. This can be done using the expression:
where ∆f is the force jump measured along the force-distance curve (FDC) and k eff is its slope before the transition. The change in the molecular extension is also equal to:
where x N (f ) is the equilibrium end-to-end distance of the unzipped hairpin evaluated at the unfolding/folding force (N = 20 in this case); x n (f ) is the projection of the folded hairpin along the force axis; and n denotes the number of open/frayed base pairs in the F state. Ideally, in the absence of fraying, n = 0. However, in presence of fraying we should find the value n > 0 such that eq. (17) and (18) give the same change in molecular extension.
From the FDC we obtain ∆f = 1.2 ± 0.1 pN and k eff = 0.0625 ± 0.0146 pN/nm which, using eq. (17), gives ∆x m = 19 ± 2 nm for any salt concentration. On the other hand, we evaluate
x N (f ) and x n=0 (f ) using the elastic properties summarized in Tables 1 and 2 The effect of fraying has been proved to play an important role in former single-molecule stretching experiments, like in Woodside et. al. [55] . To understand when fraying is relevant in RNA or DNA hairpins we can take a look to sequences at the beginning of the stem as a higher GC-content makes the structure more stable. For instance, the RNA hairpin studied here starts with 5'-GCG-3', whereas most sequences studied by Woodside et al. [55] start with 5'-GAG-3'
(except two sequences that start with 5'-TAT-3' and 5'-AAG-3'). In Table 4 Table 4 : Free energy differences between frayed (n = 1) and completely closed structures (n = 0) of 20R55/4T hairpin [55] and our RNA hairpin at 1 M NaCl and different forces.
Motivated by solution measurements [94, 27] , we also considered the possibility of fraying at the opposite end of the stem, on the base pairs closest to the loop. However, we found free energy differences of more than 10 k B T between these configurations and the closed configuration, and consequently we conclude that these "frayed" configurations are not affecting our results.
Based on these considerations, we conclude that fraying plays a rather minor role (if any) on the thermodynamics and kinetics of folding/unfolding of the RNA hairpin and can be neglected.
Derivation of the effective barrier B
KT eff (f )
Here we derive the analytical expression for the effective barrier of a one-dimensional free energy landscape based on the work by Hyeon and Thirumalai [65] . Suppose the system sketched in Fig. 1 , where a Brownian particle is subject to the one dimensional potential V (x). The time evolution of the probability density function (pdf) p(x, t) to find the particle at the position x at time t follows the Fokker-Planck equation [65, 64] :
Where D is the diffusion coefficient and L F P is the Fokker-Plank operator. If we suppose that the particle initially is located at x = a, p(x, 0) = δ(x − a), the formal solution of equation (19) is:
We want to evaluate the average time τ it takes to the Brownian particle to jump the kinetic barrier located at x = b. In order to simplify the following calculations, we suppose that there are absorbing conditions at x = b: once the particle reaches the maximum sketched in Fig. 1 it always goes to the right well. The probability to find the particle in the left well of the potential V (x) (x ∈ [−∞, b]) at time t, also known as the survival probability S(t), can be defined as:
The time derivative of the survival probability is equal to the time survival pdf ρ(t), that is, the pdf of the time it takes to the Brownian particle to cross the barrier located at x = b.
Therefore, the mean first passage time τ can be calculated as:
In order to obtain this expression we integrated by parts and used that the adjoint operator
. If we apply the adjoint Fokker-Plank operator L † F P at both sides of equation (23) we obtain:
Which gives a differential equation for the survival time τ that depends on the adjoint FokkerPlank operator.
It can be demonstrated that:
and we can write the following differential equation:
In order to solve eq. (26) we use the absorbing boundary condition τ (b) = 0 and the reflecting
Once we have evaluated the average survival time of the Brownian particle, we want to evaluate the effective barrier of the potential V (x). Using the phenomenological Arrhenius approach [95] that considers that the survival time depends on the exponential of the barrier we can write:
τ 0 is related to the diffusion time of the particle the along x axis. By discretization of equation (29) we obtain the expression (7) of the main paper,
Where ∆G n is the potential energy V (x) and where we considered that Dτ 0 O(1).
Sensitivity of the data analysis
An experimental estimation of the kinetic barrier is obtained from the measured transition rates k U (f ) and k F (f ). From the unfolding transition rate, the estimator of the kinetic barrier is given by:
Where log k 0 is a constant (equal to the logarithm of the attempt rate at zero force for the activated kinetics) and log k U (f ) is estimated from the measured unfolding rupture forces (see section 2.6 in the main paper).
On the other hand, from folding rupture forces the estimation of the kinetic barrier is:
Where log k 0 is the same constant as in eq. (31) Typically, log k 0 is unknown and either ∆G N (0)/k B T is unknown and P is known (here, for monovalent salt conditions) or ∆G N (0)/k B T is known and P is unknown (for mixed monovalent/Mg 2+ conditions).
Sensitivity of the method at determining ∆G N (0)
For a given value of the persistence length P we can evaluate the kinetic barrier from experimental unfolding/folding rupture forces by ignoring the unknown constants (log k 0 and ∆G N (0)/k B T ) and we obtain the result shown in Fig. 2A . Error bars are evaluated using the bootstrap method.
In order to determine the constant ∆G N (0)/k B T , i. e. the free energy of formation of the RNA hairpin, we impose the continuity of the kinetic barrier in folding and unfolding data ( In the insets we see that the continuity requirement worsens for values of ∆G N (0) as close as 64.4 or 63.6 k B T . As a consequence, we estimate ∆G N (0) = 64.0 ± 0.4 k B T (see Table 1 
A B 
is obtained using the overlapping of the kinetic barrier with force. Once unfolding and folding data overlap, the resulting experimental curve is equal to B eff (f ) − log k 0 . Insets: The value of ∆G N (0)/k B T can be overestimated (top) or underestimated (bottom) so that the continuity requirement is not well-satisfied.
Sensitivity of the method at determining log k 0
In order to estimate the attempt rate at zero force we need a theoretical model for the kinetic barrier. In the case of this work we use the Kramers theory (see section 11). Once we have evaluated B eff (f ) − log k 0 , log k 0 is obtained by overlapping the theoretical model to the experimental results, as shown in Fig. 3 . The sensitivity in the determination of log k 0 is similar to the sensitivity in determining ∆G N (0): at log k 0 =10.5 we find the best match, and for values 0.4 greater or smaller the result significantly worsens (insets in Fig. 3B ).
Sensitivity of the method at determining P
The elastic contribution to B eff (f ) only applies to folding data, eq. (32), and regulates the slope of the experimental estimation of the kinetic barrier in the range of experimentally measured folding forces. In this work we determine the persistence length P of ssRNA by comparing the profile of the kinetic barrier estimated from experimental data with the one evaluated using the Kramers theory (see Fig. 4 ). The sensitivity at determining P is limited by the determination of ∆G N (0)/k B T , log k 0 and the error bars estimated for B (U/F ) eff (f ). Therefore, the is a feedback in the determination of the ∆G N (0)/k B T , log k 0 and P : optimal values are those that give a best fit between experimental and theoretical estimations of the kinetic barrier.
A B (A) Blackstraight line is the theoretical evaluation of the kinetic barrier using Kramers theory (section S3 and section 2.5 in the main document) and blue circles (red squares) are the experimental estimation of the kinetic barrier without the contribution of log k 0 using folding (unfolding) rupture forces. (B) log k 0 is obtained overlapping the experimental data to the theoretical curve. Insets: The value of log k 0 can be underestimated (top) or overestimated (bottom) leading to a worse match between theory and experiments.
The same methodology was used to determine the value of m in the non-specific correction for the free energy of formation of one base pair, where the elastic parameters are known but the free energy is unknown (see section 3.5 and Fig. 4 in the main paper): we look for the best matching between theory and experiments. ]. Gray lines are evaluations of the kinetic barrier using Kramers theory, eq. (30), for different values of the persistence length (P = 0.5, 0.6, 0.7, . . . , 1.5 nm). Experimental data is analyzed using also different values of the persistence length. In this case, at P = 0.8 ± 0.1 nm we obtain the best overlapping between theory and experiments.
UV Absorbance experiments
In order to determine the effect of salt on the stability of the hairpin we obtained the melting profile of the molecule using UV absorbance at 260 nm. The melting temperature was measured at 70±1 o C using a buffer containing 100 mM Tris.HCl, 1 mM EDTA and no NaCl neither MgCl 2 .
Results can be observed in Fig. 5A . We calculated the first derivative of the absorbance as a function of temperature (Fig. 5B ) and observed several maximums along the resulting profile (see arrows), which denote the presence of pre-melted states. For instance, regions with a richer A-U content in the middle of the stem may dissociate before the whole hairpin is unfolded (Fig. 5C ).
This result invalidates the two-states assumption used to extract thermodynamic parameters from the melting curve. The RNA hairpin under study has a region with a high A-U content in the stem which could lead to premelted states.
We tried to obtain the melting profile adding 100 mM NaCl to the buffer, and the melting temperature was too high and the sample started boiling and evaporating before any relevant signal could be obtained. Therefore, for this RNA hairpin melting curves cannot be measured at the experimental conditions used in our pulling experiments with optical tweezers, and our results can only be compared with Mfold [15, 19, 68] and other theoretical predictions [81, 96, 86] 14 Rupture force histograms 
Comparison to the counterion condensation theory
There are two successful theories to account for the energetic interactions between ions in solution and nucleic acids: the Poisson-Boltzmann theory and the counterion condensation theory derived by Manning [81, 87] . These theories are based on different mean field approaches and neglect any kind of correlations between the ions in the solution. More recently a new theory known as the Tightly Bound Ion (TBI) model has been introduced [96] , which accounts for the different modes of correlations between counterions.
In Fig. 8 we see the prediction provided by the Manning theory and the TBI model to the free energy of formation of our RNA hairpin as a function of the salt concentration. Because correlations between monovalent ions are negligible, we see that both the Manning theory and the TBI model give similar results under this condition (Fig. 8A) . However, correlations between Mg 2+ are important and the TBI model gives an improved prediction in this case (Fig. 8B) 
